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ABSTRACT 
Smokers’ mouth-level exposure to catechol, a potent co-carcinogen generated in the 
combustion of cigarette tobacco and transferred in the resulting mainstream cigarette smoke 
(MSS), was estimated via post-smoking, cigarette filter analysis of solanesol, an endogenous 
component of tobacco.  The objectives of this study were to: (1) develop a high-performance liquid 
chromatography-tandem mass spectrometry (HPLC-MS/MS) method to quantify catechol 
deliveries in MSS; (2) assess solanesol’s potential as a marker to estimate MSS catechol exposure 
by comparing the filter efficiencies of solanesol and catechol; and (3) establish calibration models 
from the correlation of measured solanesol cigarette filter levels with measured mainstream smoke 
catechol levels using commercial cigarettes.  The results from a cigarette filtration study showed 
that the filter efficiencies of solanesol were proportional to that of catechol regardless the physical 
parameters of the filter.  The relation between mainstream smoke delivery of catechol and filter 
solanesol was investigated, and a linear regression model was established for three popular United 
States cigarette brands.  These established linear regression models could potentially be used to 
estimate the mouth-level intake of catechol in cigarette smoke.  
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1 INTRODUCTION 
In the United States, over 500,000 deaths each year are attributed to cigarette smoking 
and secondhand-smoke exposure.1  A burning cigarette generates two distinct streams of smoke: 
mainstream and sidestream smoke.  Mainstream smoke (MSS) is the smoke drawn through the 
filter during a puff and inhaled by the smoker; whereas sidestream smoke is the smoke released 
from the burning end of a cigarette and dissipates into the surrounding environment.  MSS 
delivers thousands of toxic chemicals into the body which increase the risks for developing 
various cancers and other smoking-related diseases.2  Sidestream smoke pollutes indoor air 
quality and mediates the health risk for respiratory and cardiovascular diseases in nonsmokers.1  
To evaluate the health implications associated with cigarette smoking, it is important to 
determine the exposure of harmful components in cigarette smoke.   
1.1 Health implications of catechol in cigarette smoke 
Among the more than 4,000 compounds found in cigarette smoke, several 
hydroxybenzenes, generally referred as phenolic compounds, are known to be genotoxic and 
carcinogenic.3-4  Phenolic compounds studied in cigarette smoke5 include catechol, m-cresol, o-
cresol, p-cresol, hydroquinone, phenol, and resorcinol (Figure 1.1).  Catechol in particular, is 
classified as a possible human carcinogen by the International Agency for Research on Cancer 
(IARC),6 and is considered to be the highest in toxicity among the seven phenolic compounds 
found in cigarette smoke.7  Upon exposure, catechol undergoes oxidation, thus forming free 
radicals which may cause irreparable damage to the DNA and proteins.8  In addition, in vitro 
studies have shown catechol to promote tumor activity and induce DNA breakage in human 
blood cells.9-10 
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Figure 1.1 Chemical structure of phenolic compounds found in cigarette smoke. 
 
Catechol has been found to be present in the MSS of filtered cigarettes at a substantial 
amounts—up to 0.28 mg per cigarette.11  The amounts of catechol in cigarette smoke is 
commonly acquired using standardized smoking conditions that conform to the United States 
Federal Trade Commission or International Standards Organization (FTC/ISO) machine-
smoking procedure.  The FTC/ISO procedure states that a cigarette is machine-smoked to a 
standard butt length by use of a 35-mL puff volume drawn over 2 s at a frequency of 1 puff per 
minute.6  However, human smoking topography studies12-13 have shown that standardized 
machine-smoking conditions do not accurately reflect the smoking topographies of human 
smokers.  Djordjevic et al.12 analyzed human smoking characteristics and determined that, on 
average, smokers drew a 50-mL puff volume at a frequency of 2-3 puffs per minute.  The total 
volume of smoke generated under the average human smoking characteristics, therefore, may 
differ considerably from the amounts produced using the FTC/ISO procedure.   
1.2 Analysis of spent cigarette filters 
The analysis of spent cigarette filters is a noninvasive method for studying human 
smoking behaviors and estimating the exposure to tobacco smoke constituents.14-17  Filter 
analysis is based on the principle that the amount of smoke constituents drawn through the filter 
14 
 
is proportional to the amount retained in the filter.  Subsequently, a smoker’s mouth-level intake 
or the amount of smoke inhaled by the smoker can then be estimated from the amount of smoke 
constituents retained in a spent cigarette filter.  In studies of human smoking behaviors,15-16 the 
stain patterns on spent cigarette filters can be used to determine the levels of  filter ventilation 
blockage, and estimate the smokers’ puffing intensity.  Analysis of spent cigarette filters has also 
been used to estimate the doses of the constituents in cigarette smoke.17-18  Estimation of 
smoker’s dosage to smoke constituents is difficult because smoking behaviors vary significantly 
from smoker-to-smoker.  To improve the estimate of a smoker’s mouth-level exposure to smoke 
constituents, Watson et al.17 developed a method involving the measurement of solanesol content 
in discarded cigarette filters.  The reported results indicated a linear correlation exists between 
the amount of solanesol retained in a cigarette filter and the MSS deliveries of tar and nicotine.   
 Numerous studies have used solanesol filter levels as a quantitative marker to estimate 
the deliveries of smoke constituents such as nicotine,17 tobacco-specific nitrosamines,18 and 
benzo[a]pyrene19 in cigarettes.  Solanesol is a trisesquiterpenoid alcohol naturally present in 
tobacco leaves and tobacco smoke (Figure 1.2).  In tobacco smoke, solanesol is found to 
constitute 2–3% by weight of the total respirable suspended particles.20  Owing to its high 
molecular weight, solanesol is nonvolatile and the amount of solanesol deposited in a cigarette 
filter is stable over a minimum period of 4 weeks.17  The stability of solanesol in spent cigarette 
filters is a key feature of the technique, which allows solanesol to be analyzed from a cigarette 
filter smoked by a human subject.   
 
 
Figure 1.2 Chemical structure of solanesol. 
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1.3 Aim of study 
The aim of this study was to expand the application of filter solanesol as a marker to 
estimate the mouth-level intake of catechol in mainstream cigarette smoke.  The objectives of 
this study were: (1) to develop an analytical method to quantify the catechol in MSS, (2) to 
evaluate the potential of solanesol as an MSS marker by comparing the filter efficiencies of 
solanesol and catechol, (3) to generate calibration curves for the correlation between filter 
solanesol and MSS delivery of catechol in commercial cigarettes.   
 
2 HPLC-MS/MS METHOD DEVELOPMENT FOR THE DETERMINATION OF 
CATECHOL 
2.1 Catechol in mainstream cigarette smoke 
Catechol is present in cigarette smoke and is formed from the pyrolysis of tobacco.21  
Phenolic compounds, including catechol, are considered the physiologically active components 
in tobacco smoke, thus, influencing the flavor of tobacco and contributing to the sensory effects 
of smoke.22  Catechol is the most toxic compound among the phenolic compounds found in 
cigarette smoke.7  It is a co-carcinogen that has been classified as possibly carcinogenic to 
humans by the IRAC.6  A study has shown that catechol can inhibit pulmonary T lymphocyte 
proliferation, which is associated with increased risk to respiratory infections and lung 
metastases.23   
 Methods for detection and quantification of catechol24-26 typically involve either gas 
chromatography (GC) or liquid chromatography (LC) separation followed by fluorescence or 
mass spectrometry (MS) detection.  In this study, a high-performance liquid chromatography-
tandem mass spectrometry (HPLC-MS/MS) method was developed for the determination of 
catechol in mainstream cigarette smoke. 
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HPLC-MS/MS is known for its high sensitivity and selectivity in the analysis of complex 
sample matrices, including tobacco and tobacco smoke.  The complexity of such matrices makes 
their analysis susceptible to potential matrix interferences, which may cause matrix effects that 
alter the ionization efficiency of the analyte of interest.  Matrix effects cause either ionization 
suppression (yielding lower analyte responses) or ionization enhancement (yielding higher 
analyte responses) of the target analyte(s), and are highly unpredictable. Matrix effects can, 
therefore, impact method performance parameters including limit of detection (LOD), linearity, 
accuracy, and precision.27   
 A common method used to assess possible matrix effects is based on the comparison of 
calibration standards prepared in solvent to calibration standards prepared in sample matrix.  
Matrix effects can be defined as the total effect of all components in the sample other than the 
analyte subject to quantification.  The quantitative measurement of matrix effect is called the 
matrix effect factor (MEF), which is the ratio of the analyte response in presence of matrix 
(RMatrix) to the analyte response in solvent (RSolvent): 
𝑀𝐸𝐹 =
𝑅𝑀𝑎𝑡𝑟𝑖𝑥
𝑅𝑆𝑜𝑙𝑣𝑒𝑛𝑡
    (Equation 2.1) 
Ionization suppression exists when the MEF is less than 1, whereas ionization enhancement 
exists when the MEF is greater than 1.  When the MEF equals to 1, the analyte response in 
matrix is equivalent to that in solvent and no matrix effect is observed.  Reported herein is an 
evaluation of the matrix effects and other analytical method figures of merit including LOD, 
linearity, accuracy, and precision for the determination of catechol using the developed HPLC-
MS/MS method.  
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2.2 Experimental  
2.2.1 Instrumentation and chromatographic conditions  
The chromatographic analysis was carried out using an Agilent 1200 HPLC coupled to a 
Thermo Finnigan TSQ Quantum MS/MS equipped with an electrospray ionization (ESI) 
interface.  The general chromatographic conditions are summarized in Table 2.1.  It should be 
noted that an end run and post run at 12–15 min was included to remove various retained 
cigarette smoke components from the column before the system was re-equilibrated back to the 
initial conditions.  The MS/MS was run in selected reaction monitoring (SRM) mode, the 
monitored ions of mass-to-charge ratio (m/z) and instrument conditions used are summarized in 
Table 2.2.  
Table 2.1 HPLC parameters for catechol analysis. 
HPLC conditions: 
Column: Phenomenex Luna C18, 3 µm, 250 x 2.0 (i.d.) mm 
Column flow rate: 0.35 mL/min 
Column temperature: 60 °C 
Injection volume: 10 µL 
Acquisition time: 13 min 
Mobile phase A: 0.1 % acetic acid (v/v) aqueous 
Mobile phase B: methanol 
Gradient program: 
Run Time  
(min) 
Mobile Phase B  
Composition (%) 
Comment 
0 – 2 
2 – 12 
12 – 13 
13 – 14 
14 – 15 
15 – 18 
5 
5 – 20 
20 – 50 
50 
50 – 5 
5 
Isocratic 
Gradient  
End run  
Post run  
Post run  
Post run equilibration 
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Table 2.2 MS/MS parameters for catechol analysis. 
MS/MS conditions: 
Ionization mode: ESI source in negative ion mode 
Electrospray voltage: 4.0 kV 
Vaporizer temperature: 200 °C 
Sheath and auxiliary gas: nitrogen 
Sheath gas pressure: 25 units (flow controlled by system) 
Auxiliary gas pressure: 7.0 units (flow controlled by system) 
Capillary temperature: 210 °C 
Collision gas: argon 
Collision gas pressure: 1.0 mTorr 
Mass transitions & collision energy: 
Analyte 
Precursor 
Ion m/z 
Product 
Ion m/z 
Collision 
 Energy (eV) 
Catechol quantitation ion 
Catechol confirmation ion 
Catechol-d4 
109  
109 
113 
108 
109 
112 
20 
5 
25 
 
2.2.2 Chemicals and reagents 
Catechol (purity > 99%) was obtained from Sigma-Aldrich (Saint Louis, MO), and 
deuterated catechol-d4 (purity > 98%) was obtained from Cambridge Isotope Laboratories 
(Andover, MA).  Glacial acetic acid was purchased from Sigma-Aldrich (Saint Louis, MO).  
Methanol and water (both are HPLC grade) were purchased from Fisher Scientific (Hampton, 
NH).  The 1% acetic acid (v/v) and 0.1% acetic acid (v/v) solutions were prepared by diluting 
with water.   
2.2.3 Standard preparation 
A 2 µg/µL stock solution of catechol and catechol-d4 was prepared individually in 
methanol.  The catechol-d4 stock solution was used as internal standard without further dilution.  
The catechol stock solution was diluted with methanol to prepare eight primary standard 
solutions containing analyte at 2.0–50 µg/mL.  Each standard solution was spiked with 50 µL of 
19 
 
catechol-d4 stock.  Then an aliquot of each standard was injected on HPLC column to obtain a 
calibration curve range of 10–250 µg of catechol per cigarette.   
2.2.4 Cigarette collection and smoking conditions 
The 1R6F reference cigarettes were obtained from the University of Kentucky 
(Lexington, KY), and were stored at -30 °C until analyzed.  Cigarettes were conditioned at 22 °C 
and 60% relative humidity for at least 48 h before smoking.  Cigarettes were smoked using a 
Cerulean SM450 20-port linear smoking machine (Milton Keynes, United Kingdom).  The MSS 
particulate matter was collected on 44-mm Cambridge filter (CF) pad produced by Whatman 
(Buckinghamshire, United Kingdom).  The smoke machine was calibrated to maintain an 
average airflow velocity over the cigarette of 200 ± 50 mm/s.  The airflow velocity was 
measured using a Filtrona VMD 100 velocity measurement digitizer (Milton Keynes, United 
Kingdom) connected to a Schiltknecht ThermoAir2 thermoelectric anemometer equipped with an 
omnidirectional probe (Gossau, Switzerland).  Cigarettes were smoked using two machine 
regimes: FTC/ISO regime (35 ± 0.1 mL puff volume, 2 s puff duration, 60 s puff interval, and 
ventilation unblocked), and Health Canada (HC) regime (55 ± 0.2 ml puff volume, 2 s puff 
duration, 30 s puff interval, and 100% ventilation blocked).  The mainstream TPM was collected 
by smoking 2 cigarettes per CF pad, unless stated otherwise.   
2.2.5 Sample preparation 
After smoking, the CF pad was transferred into a 16-mL glass bottle for extraction.  The 
CF pad was spiked with 50 µL of catechol-d4, and extracted with 10 mL of 1% acetic acid 
solution by agitation for 60 min on a shaker at 200 rpm.  An aliquot of the extract was transferred 
into a filter vial equipped with 0.2 µm PVDF filter, and then analyzed by HPLC-MS/MS.   
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2.3 Results and Discussion 
2.3.1 Chromatography and mass spectrometry optimization 
The quality of an HPLC separation of catechol is subjected to the conditions of 
resolution.  To optimize the chromatographic separation of catechol, it is necessary to consider 
the resolution (Rs) equation:  
𝑅𝑠 =  
(𝛼 − 1)
𝛼
 𝑥 
√𝑁
4
 𝑥 (
𝑘
1 + 𝑘
) 
which relates to column selectivity (α), efficiency (N),  and retention factor (k).  In this study, 
reversed-phase HPLC was selected based on the literature,28-29 which suggests that the technique 
improves the separation efficiency and resolution of phenolic compounds.  Reversed-phase 
column generally is selective towards neutral or nonionized compounds separation.  Catechol is a 
weak acid (pKa >> 7) and to maintain its neutral formation, acetic acid was used to maintain the 
acidity of the aqueous solution for sample extraction and sample analysis on the HPLC.  The 
aqueous solution pH used in this method ranged from 2.8–3.2.  The sample retention was 
examined by comparing the solvent strength of the organic mobile phase between acetonitrile 
and methanol.  As shown in Figure 2.1, using methanol as the mobile phase B yielded a higher 
signal-to-noise response ratio (S/N) of catechol compared to acetonitrile.  This indicated that 
catechol is more soluble in methanol, which can be due to the hydrogen bonding interaction 
between the hydroxyl groups on the analyte and solvent.   
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Figure 2.1 Chromatograms of catechol obtained using Luna C18 column with mobile phase 
compositions in which the mobile phase A (0.1% acetic acid aqueous solution) is kept the 
same, and mobile phase B differs as indicated: (A) methanol and (B) acetonitrile. 
 
Catechol was detected using ESI ionization source with negative ion mode.  Full-scan 
mass spectra of catechol and catechol-d4 (internal standard) showed the precursor ion [M-H]⁻ at 
m/z 109 and 113, respectively.  Product ion spectra of [M-2H]2⁻ for catechol (m/z 109) and 
catechol-d4 (m/z 113) are shown in Figure 2.2.  To attain the highest sensitivity for SRM 
analysis, the product ions for each compound were optimized by adjusting the collision energy.  
For catechol, the transitions m/z 109 to 109 and m/z 109 to 108 was optimized with a collision 
energy of 5 eV and 20 eV, respectively.  For catechol-d4, the transition m/z 113 to 112 was 
optimized with a collision energy of 25 eV.  The argon collision gas pressure was optimized at 
1.0 mTorr for all analytes.   
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Figure 2.2 Product ion spectra of pure catechol and catechol-d4 diluted in methanol at 
collision energy of (A) 5 eV and (B) 20 eV for catechol, and (C) collision energy of 25 eV for 
catechol-d4 
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Separation of catechol and internal standard was accomplished in 13 min using the 
optimized HPLC conditions as described in Table 2.1.  There were no interfering peaks at the 
retention times for catechol or internal standard.  Representative chromatograms of the 
monitored SRM ions are shown for catechol standard and smoked reference 1R6F cigarette 
sample spiked with internal standard, where catechol eluted at 10.6 ± 0.2 min and internal 
standard eluted at 10.3 ± 0.2 min (Figure 2.3).   
2.3.2 Method validation 
Calibration curve was constructed from the peak area ratios of catechol/internal standard 
versus the catechol concentration.  The calibration curve was linear over the range from 10–250 
µg of catechol.  The weighting factor 1/X provided the best fit for the linear regression as 
determined by the correlation coefficient (R2) value.  The typical regression equation and R2 for 
catechol (peak area ratio, Y, versus concentration, X, µg) was as follows: 𝑌 = 0.00132𝑋 +
0.000354  (𝑅2 = 0.999) for quantitation transition m/z 109 to 108, and 𝑌 = 0.00953𝑋 +
0.00209  (𝑅2 = 0.999) for confirmation transition m/z 109 to 109.  The LOD of catechol was 33 
ng determined from the analyte concentration corresponding to S/N of 3.   
The accuracy of the extraction method was determined by spiking known amounts of 
catechol on the CF pads of 1R6F cigarettes smoked according FTC/ISO smoking regime.  The 
recoveries were measured at three concentrations, which spanned the calibration range.  The 
recoveries were calculated as the mean of the detected concentration divided by the expected 
concentration for six replicates.  As shown in Table 2.3, the recoveries ranged between 100–
106%.  The precisions were determined by calculating the coefficient of variation (CV) of repeat 
measurements of catechol in 1R6F cigarettes smoked under FTC/ISO conditions.  At least 20 
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repeat measurements over a 1-month period were attained for the calculations.  The precision 
was 93% and the CV percentage for repeatability was 3.7%.   
Monitored ion chromatograms for the catechol extracted from the MSS particulate matter 
show high resolution achieved in actual smoke samples (Figure 2.3).  However, the ion 
chromatography of smoke samples exhibited higher backgrounds compared to standard solutions 
(Figure 2.3 D-F).  The high chemical backgrounds in smoke samples could be due to interference 
caused by the smoke matrix.  Thus, matrix effect was evaluated by comparing the calibration 
standards prepared in blank solvent and in smoked 1R6F cigarette matrix.  The MEF was 
calculated by the mean of solvent calibration slope divided by the mean of matrix calibration 
slope.  The MEF for catechol at both monitored transitions (m/z 109-109 and m/z 109-108) was 
1.0 (Table 2.4), which indicated that catechol response in matrix is equivalent to that in solvent.  
The results also showed that matrix interferences were not presence.  Consequently, solvent-
based calibration can be used for quantitation of catechol in future analysis.   
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Figure 2.3 Representative chromatograms of (A-C) catechol standard and (D-F) smoked 1R6F 
cigarette sample spiked with internal standard (catechol-d4).  Negative ESI was performed in 
the SRM mode with transitions of (A and D) m/z 109 to 108 for catechol quantitation ion, (B 
and E) m/z 109 to 109 for catechol confirmation ion, and (C and F) m/z 113 to 112 for 
catechol-d4. 
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Table 2.3 Catechol recoveries (n = 6) from the mainstream smoke of 1R6F cigarettes. 
Matrix 
Expected  
concentration c  
(µg) 
Detected 
concentration  
± SD (µg) 
Recovery d  
(%) 
%CV e 
1R6F a -- 43 ± 1.0 -- 2.4 
1R6F + Spike 1 b 74 74 ± 1.3 100 1.7 
1R6F + Spike 2 b 105 105 ± 1.4 100 1.3 
1R6F + Spike 3 b 148 157 ± 4.4 106 2.8 
 
Note: a 1R6F reference cigarette had a background level of 43 µg catechol per cigarette.  
Recoveries were based on the background level plus the spiked amount of catechol. 
b Spiked amounts of catechol: Spike 1 = 31 µg, Spike 2 = 62 µg, and Spike 3 = 105 µg.  
c Expected concentration = 1R6F background level + spiked amounts  
d Recovery = (detected concentration) / (expected concentration) x 100% 
e %CV = (SD) / (detected concentration) x 100% 
 
 
 
Table 2.4 Matrix effect factor (MEF) measurement of catechol by comparison of calibration 
standards prepared in solvent versus in 1R6F cigarette smoke matrix. 
  
Mean 
calibration 
slope (n = 3) 
SD %CV c MEF d 
Solvent a 0.012 0.00045 3.9 
1.0 
Matrix a 0.012 0.00025 2.2 
  
Solvent b  0.0017 0.00009 5.1 
1.0 
Matrix b 0.0017 0.00002 1.1 
 
Note: a Solvent and matrix calibration slopes of m/z 109-109 
b Solvent and matrix calibration slope for m/z 109-108 
c %CV = (SD/ mean calibration slope) x 100% 
d MEF = matrix slope / solvent slope 
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2.4 Conclusions 
An HPLC-MS/MS method was developed for the determination of catechol in 
mainstream cigarette smoke.  The method’s quantification linear range was 10–250 µg of 
catechol with correlation coefficients (R2) greater than 0.99.  The recoveries of catechol spiked at 
three levels were between 100–106% with the CV of 1.3–2.8%.  Matrix effect was not detected 
in the analysis of catechol in the MSS of reference 1R6F cigarette.  Based on the validation 
results, this method was demonstrated to be applicable to for the determination of catechol in 
cigarette smoke samples.   
 
3 THE EFFECTS OF FILTER LENGTH AND FILTER DENSITY ON THE 
FILTRATION EFFICIENCY 
3.1 Filtered cigarette and filtration efficiency 
Filtered cigarettes have had the majority of the market sales over non-filter cigarettes in 
the United States since the 1960s.  From the 2016 FTC cigarette report, filtered cigarettes 
accounted for 99.7% market share of cigarettes sold.30  The experiments described in this study 
involved the assessment of filtered cigarettes.  Accordingly, it is essential to review the 
characteristics of a filtered cigarette and the function of the filter.   
A typical filtered cigarette is composed of tobacco filler wrapped inside a permeable 
paper, and fibrous filter wrapped inside a tipping paper.  Upon lighting a filtered cigarette, air is 
drawn from the burning of tobacco through the filter before the MSS is delivered to the smoker 
(Figure 3.1).  The filter component is responsible for diluting the MSS of tobacco before the 
smoke stream reaches the mouth end to the smoker.  The filtration efficiency (FE) of a filter can 
be determined by the portion of particulate matter in the MSS that is removed by the filter, which 
is defined as the fraction of the entering aerosol particles retained by the filter: 
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𝐹𝐸 =
𝐶𝑖𝑛
𝐶𝑖𝑛+𝐶𝑜𝑢𝑡
      (Equation 3.1) 
where Cin and Cout are the inlet and outlet aerosol particles concentration, respectively.  As the 
FE increases, the delivery of MSS to the smoker decreases.  Filter efficiency can be influenced 
by multiple factors including, aerosol concentration, aerosol velocity, filter pressure drop, filter 
length, and filter density.31-32   
 
Figure 3.1 The direction of airflow in a filtered cigarette. 
 
 In laboratory practices, the FE of a filter can be determined from the levels of total 
particulate matter (TPM) in tobacco smoke retained by a filter.  This technique is a nonselective 
approach to estimate the tobacco smoke reduction by the filter.  However, the FE determined 
from TPM amounts is not indicative to the reduction of a selective constituent in tobacco smoke.  
Due to the complex physical and chemical nature of smoke constituents and their interactions 
with the filter material, the FE may differ between TPM and the selective smoke constituents.33  
Thus, to determine the FE of a particular analyte of interest, it is necessary to measure the 
retained portion of the analyte in the cigarette filters.  
 Solanesol is an endogenous component of tobacco that is known to be retained in a 
cigarette filter during smoking.  A study by Watson et al. reported that the levels of solanesol 
retained in cigarette filters correlated to the MSS deliveries of nicotine and tar.17  Tar is the 
particulate matter produced by the combustion of tobacco, which contains various chemicals 
including polycyclic aromatic hydrocarbons, tobacco-specific nitrosamines, heavy metals, and 
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phenolic compounds.3  Consequently, the purpose of this study was to evaluate the potential of 
solanesol as a MSS marker via the determination filter efficiencies of filtered cigarettes.  In this 
study, the filter efficiencies of solanesol, TPM, and catechol were compared.  In addition, the 
physical properties of the filters in a variety of commercial cigarettes were measured.  The 
effects of filter length and filter density on the filtration efficiencies of solanesol, TPM, and 
catechol were investigated.   
3.2 Experimental  
3.2.1 Chemicals and reagents 
Solanesol (purity > 93%) was purchased from TCI America (Portland, OR).  Catechol 
(purity > 99%) and glacial acetic acid were obtained from Sigma-Aldrich (Saint Louis, MO).  
Deuterated catechol-d4 (purity > 98%) was obtained from Cambridge Isotope Laboratories 
(Andover, MA).  Isopropanol, methanol, and water (all are HPLC grade) were purchased from 
Fisher Scientific (Hampton, NH).  The 1% acetic acid (v/v) solution were prepared by diluting 
with water.   
3.2.2 Cigarette collection and storage 
The reference 3R4F cigarettes were obtained from the University of Kentucky 
(Lexington, KY).  Commercial cigarettes were purchased between 2016 and 2017 from various 
retail stores in the Atlanta metropolitan area.  The cigarette brands selected are not representative 
of all cigarette brands in the United States market.  The seventeen selected brands are locally 
popular brands that were available at the time of purchase.  All obtained cigarettes were stored at 
-30 °C until analyzed.   
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3.2.3 Filter physical properties measurement and cigarette modification 
The measurement for tipping paper length, filter length, and filter diameter were obtained 
for all brands of cigarettes using an electronic digital caliper by Control Company Traceable 
(Webster, TX) (Figure 3.2).  The filter tube can be distorted due to packaging, thus, the diameter 
of each filter was measured two times over the cross section as indicated in the Figure 3.2 (B).  
The filter was removed from the tipping paper and its weight was measured using a Sartorius 
CP225D balance (Gottingen, Germany).  All physical properties measurement for filters were 
acquired using 10 replicate of cigarettes per brand.   
 
Figure 3.2 (A) Measuring marks of filter length, tipping paper length, and (B) filter diameters 
(d1 and d2) of a filtered cigarette. 
 
To eliminate the tobacco rod contents variability between different brands, each 
commercial cigarette filter was removed and reassembled with a baseline tobacco rod.  A 50-mm 
portion of the tobacco rod from reference 3R4F cigarette was removed and used as the baseline 
tobacco rod.  The commercial cigarette filter was detached from its original tobacco rod at the 
mark where the tipping paper meets the tobacco end, and the residual tobacco filler inside the 
tipping paper was discarded.  A baseline tobacco rod was inserted into the commercial filter, and 
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a coat of glue was applied over the interface between the filter and the attached baseline tobacco 
rod (Figure 3.3).   
 
Figure 3.3 Commercial cigarette filter modification with 3R4F baseline tobacco rod, where 
(A) the dotted line is the cutting mark for removal of tobacco rod, and (B) the shaded area is 
the region where glue was applied. 
 
3.2.4 Smoking conditions 
Modified cigarettes were conditioned at 22 °C and 60 % relative humidity for at least 48 
h before smoking.  Cigarettes were smoked using a Cerulean SM450 20-port linear smoking 
machine (Milton Keynes, United Kingdom).  The mainstream TPM was collected on 44-mm CF 
pad produced by Whatman (Buckinghamshire, United Kingdom).  The smoke machine was 
calibrated to maintain an average airflow velocity over the cigarette of 200 ± 50 mm/s.  The 
airflow velocity was measured using a Filtrona VMD 100 velocity measurement digitizer 
(Milton Keynes, United Kingdom) connected to a Schiltknecht ThermoAir2 thermoelectric 
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anemometer equipped with an omnidirectional probe (Gossau, Switzerland).  Cigarettes were 
smoked using the HC smoking regime: 55 ± 0.2 mL puff volume, 2 s puff duration, 30 s puff 
interval, and 100% ventilation blocked.  The mainstream TPM was collected by smoking 1 
cigarette per CF pad, and smoke analysis was acquired in triplicate per brand.  After smoking, 
the cigarette filter was removed from the residual tobacco rod and stored in cryovial at -20 °C 
until further analysis.  The CF pad was transferred into a 16-mL glass bottle for immediate 
analysis of solanesol and catechol.   
3.2.5 Assessing solanesol in filter and in CF pad 
The determination of solanesol in filter and in CF pad was performed using an adaptation 
of an unpublished method by the United States Centers for Disease Control and Prevention.34  
For filter analysis, a portion of the spent cigarette filter was removed from the mouth end; the 
filter was stripped from the tipping paper, and placed into a 16-mL glass vial for extraction.  For 
CF pad analysis: the CF pad was equally divided into 2 halves and 1-half of the pad was placed 
into a 16-mL glass vial separate from the filter analysis.  Both the filter and the half CF pad were 
spiked with internal standard, and then extracted with isopropanol.  An aliquot of the extract was 
diluted and directly analyzed by HPLC-MS/MS.  
3.2.6 Assessing TPM and catechol  
The TPM content was determined by calculating the weight difference in the CF pad and 
filter before and after smoking.  The second half of the CF pad was analyzed for catechol content 
using the method previously described in the Experimental Section 2.2.  Briefly, the MSS 
particulate matter collected on the CF pad and retained in the cigarette filter was spiked with 50 
µL of catechol-d4, and extracted with 10 mL of 1% acetic acid solution by agitation for 60 min 
on a shaker at 200 rpm.  An aliquot of the CF pad extract and the cigarette filter extract was 
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transferred into a filter vial equipped with 0.2 µm PVDF filter, and then analyzed by HPLC-
MS/MS.   
3.3 Results and discussion 
Filtration efficiency of a filter from a cigarette can be affected by physical properties 
including, aerosol concentration, aerosol velocity, filter pressure drop, filter length, and filter 
density.  The aerosol concentration and aerosol velocity factors are excluded from this 
experiment, because a baseline tobacco rod was used for all filters analysis, and all cigarettes 
were machine smoked under the same puffing conditions: puffing flow rate (27.5 mL/s), puffing 
interval (30 s), and number of puff count (5 puff).  The main filter efficiency factors examined in 
the current study were the filter length and filter density.  The physical properties of filters in 17 
brands of commercial cigarettes were measured and the results are summarized in Table 3.2.  
The average filter length among all the brands ranged from 11 to 31 mm.  The filter density (D) 
was calculated based on the measured mass (m) and circumference or volume (v) of the filter: 
𝑣 =  𝜋 ∗ 𝑟2 ∗ 𝑙         (Equation 3.2) 
𝐷 =
𝑚
𝑣
       (Equation 3.3) 
where r is the radius of the filter or one-half of the filter diameter, l is the filter length, and m is 
the filter weight.  The calculated filter densities among all the brands ranged between 1.17 to 
1.88 mg/cm3.   
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Table 3.1 Filter physical properties measurement (n = 10) of tipping length, filter diameter, 
filter length, filter weight, and filter density for 17 brands of filtered cigarettes. 
Brand  
Tipping 
Length  
 (mm) 
Filter 
Diameter  
 (mm) 
Filter  
Length 
 (mm) 
Filter  
Weight  
 (mg) 
Filter  
Density  
(mg/cm3) 
1 29 ± 0.1 7.7 ± 0.1 11 ± 0.2 61 ± 2 1.22 
2 30 ± 0.8 7.7 ± 0.1 25 ± 0.2 138 ± 2 1.19 
3 35 ± 0.3 7.8 ± 0.1 30 ± 0.1 234 ± 5 1.62 
4 35 ± 0.2 7.8 ± 0.1 30 ± 0.3 244 ± 4 1.70 
5 35 ± 0.3 7.9 ± 0.1 30 ± 0.3 235 ± 4 1.61 
5M* 32 ± 0.5 7.9 ± 0.1 27 ± 0.5 211 ± 4 1.60 
6 35 ± 0.1 7.8 ± 0.1 30 ± 0.2 239 ± 2 1.64 
7 30 ± 0.4 7.8 ± 0.1 11 ± 0.2 62 ± 3 1.21 
8 35 ± 0.2 7.7 ± 0.1 30 ± 0.5 223 ± 7 1.62 
9 30 ± 0.8 7.7 ± 0.1 25 ± 0.4 136 ± 3 1.17 
10 35 ± 0.5 7.7 ± 0.1 30 ± 0.5 187 ± 3 1.37 
11 35 ± 1.3 7.6 ± 0.1 31 ± 0.4 223 ± 9 1.59 
12 34 ± 0.5 7.7 ± 0.1 25 ± 0.3 138 ± 4 1.20 
13 35 ± 0.4 7.8 ± 0.1 27 ± 0.2 158 ± 4 1.23 
14 35 ± 0.3 7.7 ± 0.1 27 ± 0.1 144 ± 2 1.17 
15 35 ± 0.2 7.7 ± 0.1 27 ± 0.1 152 ± 3 1.22 
16 35 ± 0.2 7.8 ± 0.1 27 ± 0.1 156 ± 2 1.23 
16M* 27 ± 0.2 7.8 ± 0.1 19 ± 0.2 110 ± 2 1.22 
17 32 ± 0.1 7.9 ± 0.1 27 ± 0.4 249 ± 5 1.88 
M* = Filter length was modified for testing purpose. 
  
The filter physical properties measurement showed that the filter length and filter density 
varied by brand.  The effect of these filter physical parameters on filter efficiency was 
investigated by measuring the MSS deliveries of TPM, catechol, and solanesol.  The filter 
efficiency (FE) for each analyte was calculated using the Equation 3.4: 
𝐹𝐸 =
𝐶𝑓𝑖𝑙𝑡𝑒𝑟
𝐶𝑓𝑖𝑡𝑙𝑒𝑟+𝐶𝑝𝑎𝑑
     (Equation 3.4) 
where the Cfilter is the concentration of the analyte measured from the filter, and Cpad is the 
concentration of the analyte measured from the CF pad.   
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Three filtered cigarettes brands (7, 16M, and 13) were selected for the evaluation of filter 
length.  The selected brands have similar filter density of 1.22 ± 0.01 mg/cm3, but their filter 
lengths were 11, 19, and 27 mm.  Shown in Table 3.3 are the calculated filter efficiencies for the 
deliveries of TPM, catechol, and solanesol for the selected filtered cigarettes.  The filter 
efficiencies were compared between the shortest filter length of 11 mm (Brand 7) and the longest 
filter length of 27 mm (Brand 13): FE of TPM was 10% greater, and the FE for both catechol 
and solanesol was 18% greater with the longest filter length.  The plot in Figure 3.4 showed that 
the filter efficiencies of TPM, catechol, and solanesol increasing as the filter length increases.  
Figure 3.4 (B) showed that the filter efficiencies of solanesol were proportional to that of 
catechol.  Meanwhile, the filter efficiencies of TPM for the shortest and longest filter lengths 
were not similar to the filter efficiencies of solanesol and catechol (Figure 3.4 C).  The TPM 
filter efficiencies also have a wider variation or standard deviation (SD) up to 11.7% compared 
to the variations of catechol (up to 2.0% SD) and solanesol (up to 1.0% SD).  The results showed 
an overlapping between the filter efficiencies of solanesol and catechol, which indicated a 
correlation existed between the two analytes.       
The effect of filter density on the filter efficiency for the delivery of MSS was examined 
in three filtered cigarette brands with similar average filter length of 27 mm.  The filter densities 
of the three selected brands (16, 5M, and 17) were 1.23, 1.60, and 1.88 mg/cm3.  The filter 
efficiencies for the delivery of TPM, catechol, and solanesol are shown in Table 3.4, and the 
effect of filter density on the efficiency is plotted in Figure 3.5.  The filter efficiencies showed an 
overall decreasing trend as the filter density increases.  The filter efficiency of TPM decreased as 
the filter density was increased.  However, the filter efficiencies for the delivery of catechol and 
solanesol were greater for the filter brand with filter density of 1.88 mg/cm3 than the brand with 
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filter density of 1.60 mg/cm3 (Figure 3.5 B).  The filter density and filter efficiencies of catechol 
and solanesol exhibited a non-linear relationship.  Filter density is part of a filter design that can 
influence the levels of pressure drop in a filtered cigarette.  Pressure drop is the draw resistance 
of the filter that is based on the filter dimensions, the fiber tow characteristics, the filter weight, 
and the fluid flow rate.35  Studies have shown that the difference in pressure drop can affect the 
filtration efficiency of smoke constituents.32, 35 Additionally, it was observed that the filter 
efficiencies of solanesol were proportional to that of catechol (Figure 3.5 B).  This indicated that 
the filter solanesol efficiency correlated with the filter catechol efficiency.   
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Table 3.2 The filter efficiencies of TPM, catechol, and solanesol in filtered cigarettes with 
varied filter lengths and similar filter density. 
Brand  
Filter  
Length  
(mm) 
Filter 
Density 
(mg/cm3) 
Content  
in Filter  
(n = 3)  
(µg) 
Content  
in CF Pad  
(n = 3) 
(µg) 
Filter 
Efficiency 
(% ± SD) 
TPM 
7 11 1.21 8.40 24.0 25.6 ± 5.7 
16M 19 1.22 8.36 19.3 30.4 ± 2.9 
13 27 1.23 12.3 20.7 35.9 ± 11.7 
Catechol 
7 11 1.21 49.0 165 22.9 ± 2.0 
16M 19 1.22 66.1 155 29.9 ± 1.0 
13 27 1.23 107 154 40.9 ± 0.4 
Solanesol 
7 11 1.21 89.4 286 23.7 ± 1.0 
16M 19 1.22 118 268 30.6 ± 1.2 
13 27 1.23 187 267 41.2 ± 0.3 
 
 
Table 3.3 The filter efficiencies of TPM, catechol, and solanesol in filtered cigarettes with 
similar filter length and varied filter density. 
Brand  
Filter  
Length  
(mm) 
Filter 
Density 
(mg/cm3) 
Content  
in Filter  
(n = 3)  
(µg) 
Content  
in CF Pad  
(n = 3) 
(µg) 
Filter  
Efficiency  
(% ± SD) 
TPM 
16 27 1.23 13.3 17.7 42.8 ± 4.3 
5M 27 1.60 14.3 22.5 37.2 ± 10.5 
17 27 1.88 7.6 15.4 30.5 ± 15.2 
Catechol 
16 27 1.23 108 164 39.6 ± 2.1 
5M 27 1.60 81.1 194 29.5 ± 0.7 
17 27 1.88 67.1 135 33.1 ± 2.7 
Solanesol 
16 27 1.23 188 284 39.9  ± 0.9 
5M 27 1.60 144 335 30.0  ± 1.2 
17 27 1.88 120 235 33.7  ± 1.3 
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Figure 3.4 The effect of filter length on the filter efficiency of (A) TPM, (B) catechol and 
solanesol, (C) TPM, catechol, and solanesol.  Error bars represent 95% confidence intervals. 
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Figure 3.5 The effect of filter density on filter efficiency of (A) TPM, (B) catechol and 
solanesol, (C) TPM, catechol, and solanesol.  Error bars represent 95% confidence intervals. 
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3.4 Conclusions 
The purpose of this study was to evaluate the potential of solanesol as a marker of 
mainstream cigarette smoke.  The concept of filtration efficiency was used to compare the filter 
efficiencies of solanesol in a variety of filters from commercial cigarettes to the filter efficiencies 
of TPM and catechol.  In addition, the effects of filter length and filter density on the filtration 
efficiencies of solanesol, TPM, and catechol were investigated.  The filter physical properties 
were measured for filters from 17 commercial cigarette brands.  The results showed that the filter 
length and filter density varied among the cigarette brands.  The filter lengths ranged from 10.8 
to 30.9 mm, and the filter densities were between 1.17 to 1.88 mg/cm3.  The effects of filter 
length and filter density on the MSS deliveries of TPM, catechol, and solanesol were evaluated.  
When the filter density was constant, the filter efficiency increased with the increasing of the 
filter length.  Meanwhile, when filter length was kept constant and filter densities were varied, 
the results showed a decreasing trend in filter efficiency.  The results also showed that the filter 
efficiencies of solanesol were proportional to that of catechol in all determination.  This 
indicated that the filter solanesol efficiency correlated with the filter catechol efficiency.  The 
correlation between filter solanesol and filter catechol also demonstrated that filter solanesol 
analysis can be used as a proxy to estimate the delivery of catechol in MSS of cigarette.   
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4 ESTIMATING THE MOUTH-LEVEL INTAKE OF CATECHOL IN MAINSTREAM 
CIGARETTE SMOKE USING FILTER SOLANESOL ANALYSIS 
4.1 Human smoking characteristics  
Among the thousands of compounds generated in cigarette smoke, more than 60 
carcinogens have been identified.36  Catechol, a naturally occurring co-carcinogen in cigarette 
smoke, has been classified as possibly carcinogenic to humans by IRAC.6  Human exposure to 
catechol has been studied through methodology using smoking machines in which catechol MSS 
delivery is captured with a Cambridge filter (CF) pad.  In a study of twenty-eight United States 
cigarette brands, the amounts of catechol captured on CF pad under the FTC/ISO smoking 
regime ranged from 5.2 to 110 µg/cigarette.26  The widespread range demonstrates that MSS 
yields of catechol varied between cigarette brands.  Using the FTC/ISO machine-smoking 
regime is a good approach for characterizing and comparing the MSS yields of catechol across 
cigarette brands.  However, catechol yields obtained using only FTC/ISO smoking regime may 
not be indicative to the amounts of catechol intake by human smokers, because a single machine-
smoking regime is not representative to all human smoking behaviors.37   
Smoking topography studies analyzing human smoking characteristics have shown that 
the puffing parameters (puff volume, puff duration, and puff interval) differ from the FTC/ISO 
standardized machine-smoking regime.12-13  Djordjevic et al.12 characterized the puffing 
parameters from 133 smokers.  The human smokers took on average 44.1–48.6 mL volume of 
puff over an average 1.5 s duration and 18.5–21.3 s interval.  When these puffing parameters 
were replicated on a smoking machine, the yield of smoke constituents were higher than the 
amounts measured using the FTC/ISO regime.  In addition, filtered cigarettes containing 
ventilation holes can be blocked by the smoker’s mouth or hand during smoking.  Studies have 
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shown blocking of ventilation holes in a cigarette’s filter increased the concentration of smoke 
yield per puff, which increased the smoke intake from each cigarette.13, 38 
4.1.1 Basic principle of filter analysis 
For over four decades, filter analysis has been used to estimate smokers’ mouth-level 
intake of smoke constituents.39-40  In principle, the amount of a smoke constituent passing 
through a filter is proportional to the amount retained in a spent cigarette filter.  The smokers’ 
mouth-level intake can then be determined by measuring the portion of smoke constituent 
retained in the filter.  In a typical filter analysis, a calibration between the amount of smoke 
constituent retained on a cigarette filter tip and the amount exiting from the mouth-end of a filter 
is established by machine-smoking the selected cigarette brand over a range of puff volumes, 
puff intervals, and puff durations to simulate a range of human smoking characteristics.  A 
calibration equation is determined from a linear regression between the cigarette yield of smoke 
constituent and the amount retained on the filter tip.  The calibration equation is subsequently 
used to estimate mouth-level intake by measuring the amount of smoke constituent from human-
smoked cigarette filter tips.   
4.1.2 Goal of study 
Cigarette filter analysis has been applied to determine the MSS deliveries of nicotine, 
tobacco-specific nitrosamines, polycyclic aromatic hydrocarbons, and solanesol.18-19 Solanesol, a 
nonvolatile tobacco-specific compound, in spent cigarette filter can be used to track the mouth 
intake of other smoke constituents.  Researchers have shown the amounts of solanesol in 
cigarette filters correlated to the MSS amounts of nicotine and tar.17  To the best of our 
knowledge, correlation between MSS delivery of catechol and filter solanesol has not been 
studied.  Herein, the relation between MSS delivery of catechol and filter solanesol was 
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investigated, and a linear regression model was established for three popular United States 
cigarette brands.  The established linear regression model can be used to estimate the mouth-
level intake of catechol by measurement of solanesol in spent cigarette filters smoked by 
humans.  The primary goal of this study was to provide a better means for estimating smokers’ 
mouth-level intake of catechol in MSS using filter solanesol analysis.  The secondary goal was to 
assess the effect of puffing parameters on the delivery of catechol in cigarettes.  Collectively, 
these data should help in the determination of smokers’ mouth-level exposure to catechol in 
mainstream cigarette smoke.    
4.2 Experimental 
4.2.1 Chemicals and reagents 
All chemicals and reagents used in this study were as described earlier in the 
Experimental Section 3.2.1. 
4.2.2 Cigarette collection and storage 
The reference 3R4F cigarettes were obtained from the University of Kentucky 
(Lexington, KY).  Commercial cigarettes were purchased between 2016 and 2017 from various 
retail stores in the Atlanta metropolitan area.  All obtained cigarettes were stored at -30 °C until 
analyzed.   
4.2.3 Cigarette physical properties 
A Cerulean C2 Range instrument (Milton Keynes, United Kingdom) was used to measure 
filter ventilation.  The cigarette length, tobacco filler weight, and filter length was measured 
manually.  Each parameter was measured in triplicate and the average was recorded.   
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4.2.4 Standards preparation 
Solanesol analysis.  The determination of solanesol was performed using an unpublished 
method by the United States Centers for Disease Control and Prevention.34  Briefly, ten primary 
standard solutions containing solanesol were prepared.  An aliquot of each primary standard 
solution and internal standard was spiked onto a blank cigarette filter to prepare ten standards.  
Then an aliquot of each standard was diluted with solvent and analyzed by HPLC-MS/MS.   
Catechol analysis. A 2 µg/µL stock solution of catechol and catechol-d4 was prepared 
individually in methanol.  The catechol-d4 stock solution was used as internal standard without 
further dilution.  The catechol stock solution was diluted with methanol to prepare eight primary 
standard solutions containing analyte at 2.0 – 50 µg/mL.  Each standard solution was spiked with 
50 µL of catechol-d4 stock.  Then an aliquot of each standard was analyzed by the HPLC-
MS/MS to obtain a calibration curve range of 10 – 250 µg of catechol.   
4.2.5 Smoking regimes and sample collection 
Cigarettes were conditioned at 22 °C and 60 % relative humidity for at least 48 h before 
smoking.  Cigarettes were smoked using a Cerulean SM450 20-port linear smoking machine 
(Milton Keynes, United Kingdom).  The mainstream TPM was collected on 44-mm CF pad 
produced by Whatman (Buckinghamshire, United Kingdom).  The smoke machine was 
calibrated to maintain an average airflow velocity over the cigarette of 200 ± 50 mm/s.  The 
airflow velocity was measured using a Filtrona VMD 100 velocity measurement digitizer 
(Milton Keynes, United Kingdom) connected to a Schiltknecht ThermoAir2 thermoelectric 
anemometer equipped with an omnidirectional probe (Gossau, Switzerland).  Cigarettes were 
smoked to the length at 3 mm passed the tipping paper length using machine-smoking regimes 
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described in Table 4.1.  The mainstream TPM was collected by smoking 2 cigarettes per CF pad.  
At least three smoke analysis were done per smoking regime and per cigarette brand.    
 
Table 4.1 Conditions of the machine smoking regimes used in this study. 
Brand 
Regime 
Number 
Volume  
(mL) 
Duration  
(s) 
Interval 
(s) 
Flow  
Rate a  
(mL/s) 
Puffing 
Intensity b 
(mL/s) 
Ventilation 
3R4F 1 45 2 60 22.5 0.75 Open 
3R4F 2 45 2 60 22.5 0.75 Closed c 
3R4F 3 55 2 50 27.5 1.10 Closed c 
3R4F 4 55 2 30 27.5 1.83 Open 
3R4F 5 65 2 60 32.5 1.08 Closed c 
3R4F 6 70 2 60 35.0 1.17 Closed c 
3R4F 7 70 2 30 35.0 2.33 Closed c 
All 8 35 2 60 17.5 0.58 Open 
All 9 35 2 60 17.5 0.58 Closed c 
All 10 55 2 40 27.5 1.38 Open 
All 11 55 2 40 27.5 1.38 Closed c 
All 12 55 2 60 27.5 0.92 Open 
All 13 55 2 60 27.5 0.92 Closed c 
All 14 55 2 30 27.5 1.83 Closed c 
All 15 55 2 20 27.5 2.75 Open 
All 16 55 2 20 27.5 2.75 Closed c 
All 17 70 2 30 35.0 2.33 Open 
 
Note: Cigarettes were smoked to the length of tipping paper + 3 mm 
a Flow rate = volume / duration 
b Puffing intensity = volume / interval   
c Filter ventilation was fully covered with vent block holder  
 
 
4.2.6 Samples preparation and instrumentation 
Solanesol analysis.  The determination of solanesol was performed using an unpublished 
method by the United States Centers for Disease Control and Prevention.34  Briefly, a portion of 
the spent cigarette filter was taken from the mouth-end of the cigarette.  The filter was detached 
from the tipping paper, spiked with internal standard, and then extracted with solvent.  An 
aliquot of the extract was diluted with solvent and directly analyzed by HPLC-MS/MS.   
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Catechol analysis.  After the cigarettes were smoked, the CF pads were transferred into a 
16-mL glass bottle for extraction of catechol.  The CF pad was spiked with 50 µL of catechol-d4, 
and extracted with 10 mL of 1% acetic acid solution by agitation for 1 h on a shaker at 200 rpm.  
An aliquot of the extract was transferred into a filter vial equipped with 0.2 µm PVDF filter, and 
then analyzed by HPLC-MS/MS.  Details of the chromatography and detection techniques used 
for the determination of catechol was as described previously in the Experimental Section 2.2.1.  
4.3 Results and Discussion 
4.3.1 Effect of puffing parameters on smoke yield 
The effects of puffing parameters (volume, interval, and duration) on the yield of 
catechol were evaluated using reference 3R4F cigarettes.  Table 4.1 summarizes the machine 
smoking conditions used in the evaluation of catechol yields.   
The effect of puffing volume on the MSS yield of catechol was assessed over the puff 
volume range of 35–70 mL, while the puff duration and puff interval was kept constant at 2 s and 
60 s, respectively.  Different regression models (linear, logarithmic, and polynomial) were 
investigated to determine which correlation was the best fit.  The logarithmic regression was the 
best model as shown in Figure 4.1 with an R2 of 0.98.  The results suggested that catechol yield 
increases with the increase of puffing volume.  
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Figure 4.1  Effect of puff volume on the yield of catechol (n = 3) in 3R4F mainstream smoke 
collected at fixed puff duration (2 s) and fixed puff interval (60 s), and at differs puff volume 
ranged from 35 to 70 mL. 
 
The relationship between puffing interval and catechol yield is shown in Figure 4.2.  The 
puffing interval was evaluated over the time range of 20–60 s, and at a constant 55 mL puff 
volume and 2 s puff duration.  The correlation between puffing interval and catechol yield was 
linear with an R2 of 0.97 (Figure 4.2).  The yield of catechol in MSS decreased when the interval 
of puffing was prolonged between each puff.  This relationship illustrated that there was loss of 
catechol yield in between puffs and that a portion of cigarette smoke was not delivered in the 
MSS. 
The effect of puffing duration on the yield of catechol was examined over a time range of 
1.5–4.0 s using the FTC/ISO and HC machine smoking regimes.  Figure 4.3 shows that puff 
duration has an insignificant effect on the delivery of catechol.  This indicated that a single puff 
duration setting could be used for smoke yield analysis.  Hereafter, a 2-s puff duration was 
applied for all smoking analyses in the study.  In addition, the 2-s puff duration is a standard 
setting for both the FTC/ISO and HC machine smoking regimes.   
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Figure 4.2 Effect of puff interval on the yield of catechol (n = 3) in 3R4F mainstream smoke 
collected at fixed puff volume (55 mL) and fixed puff duration (2 s), and at differs puff 
interval ranged from 20 to 60 s. 
 
 
 
Figure 4.3 Effect of puff duration on the yield of catechol (n = 3) in 3R4F mainstream smoke 
collected using FTC/ISO and HC machine smoking regimes. 
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4.3.2 Calibration smoking 
To determine the correlation between the delivery of catechol and solanesol amounts in 
cigarette filters, it was necessary to generate a calibration by machine-smoking each cigarette 
product using a range of smoking parameters that covers typical human smoking characteristics 
(i.e. puff volumes and puff intervals).  All machine smoking regimes listed in Table 4.1 were 
used to analyze reference 3R4F cigarette.  The amounts of catechol collected on CF pad and the 
amounts of solanesol in cigarette filter generated by machine-smoking were combined to 
produce a linear regression model.  The linear regression is based on the equation: 
𝑌 = 𝑚𝑋 + 𝑏      (Equation 4.1) 
where Y is the concentration of catechol, X is the concentration of solanesol, m is the slope of the 
line, and b is the intercept.  The linear regression models for 3R4F cigarette are shown in Figure 
4.4.  The regression analysis showed that there was a distinct separation between the data 
obtained with cigarette filter vents open and closed.  The MSS delivery of catechol was higher 
with closed filter ventilation comparing to open filter ventilation. 
Although two linear regression models were observed, a unity regression can be 
generated by merging the data using both open and closed filter ventilation conditions.  The best 
unity correlation occurred when the calibration smoking regimes contained an equal number of 
open and closed filter ventilation conditions.  The unity correlation model for 3R4F cigarette was 
generated from five regimes with open filter ventilation and five regimes with closed filter 
ventilation (Figure 4.5).  The linear regression equation for 3R4F cigarette can be used to 
estimate the MSS delivery of catechol (Y-variable) when the amounts of solanesol (X-variable) in 
the cigarette filter was measured. 
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Figure 4.4 A comparison between closed and open ventilation smoke regimes for the 
mainstream smoke delivery of catechol in reference 3R4F cigarette.  The dashed lines are the 
linear regression and the solid line is the line of unity. 
 
 
 
Figure 4.5 The unity correlation between catechol mainstream smoke delivery and filter 
solanesol in reference 3R4F cigarette. 
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4.3.1 Calibration regimes  
The selection of machine-smoking calibration regimes was based on human smoking 
characteristics described in literature12 and the cross-validation between the estimated delivery 
and measured delivery of catechol.  As shown in Table 4.2, the calibration smoking regimes 
chosen in this study encompassed a wide range of human smoking parameters.  According to the 
human smoking topography study12, human smokers’ average puffing intensity is 2.1–2.3 mL/s.  
The puffing intensity for calibration regimes 7 and 10 (1.83 and 2.33 mL/s, respectively) were 
similar to that of the human smokers.  Therefore, calibration regimes 7 and 10 were used to 
generate machine-smoking yields comparable to that from human smokers.   
Table 4.2 Calibration smoking regimes. 
Calibration 
Regime 
Volume 
(mL) 
Duration 
(s) 
Interval 
(s) 
Flow  
Rate a  
(mL/s) 
Puffing 
Intensity b 
(mL/s) 
Ventilation 
1 35 2 60 17.5 0.58 Open 
2 35 2 60 17.5 0.58 Closed c 
3 55 2 40 27.5 1.38 Open 
4 55 2 40 27.5 1.38 Closed c 
5 55 2 60 27.5 0.92 Open 
6 55 2 60 27.5 0.92 Closed c 
7 55 2 30 27.5 1.83 Closed c 
8 55 2 20 27.5 2.75 Open 
9 55 2 20 27.5 2.75 Closed c 
10 70 2 30 35.0 2.33 Open 
 
Note: a Flow rate = volume / duration 
b Puffing intensity = volume / interval   
c Filter ventilation was covered with vent block holder 
 
 
To validate the linear regression model generated from the calibration regimes, catechol 
delivery calculated from equation of the linear regression was compared to catechol delivery 
measured in MSS of 3R4F cigarette.  The catechol delivery of 100.1 mg and 97.1 mg was 
obtained by smoking 3R4F cigarettes under the calibration regime 7 and 10, respectively.  The 
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estimated catechol delivery was calculated using the linear regression model (Figure 4.5, Y = 
0.5917X – 3.8622) with measurement of solanesol from the cigarette filters.  The estimated 
catechol delivery was 104.5 mg and 90.3 mg for calibration regime 7 and 10, respectively.  The 
difference between estimated catechol delivery and measured catechol delivery for calibration 
regime 7 was 4.5%, and for calibration regime 10 was 7.0%.  The cross-validation results 
between the estimated delivery and measured delivery of catechol are summarized in Table 4.3.  
These results showed that the selection of calibration smoking regimes sufficiently generated a 
linear regression model that was able to estimate the amounts of catechol in mainstream cigarette 
smoke.   
Table 4.3 Catechol delivery (n =5) in mainstream smoke of reference 3R4F cigarette. 
Calibration 
Regime 
Catechol ± SD  
(mg) 
Solanesol ± SD 
(µg) 
a Estimated  
Catechol ± SD  
(mg) 
b Catechol 
Delivery 
Difference (%) 
7 100.1 ± 6.3 183.2 ± 13.5 104.5 ± 7.9 4.5 
10 97.1 ± 3.2 157.5 ± 1.6 90.3 ± 1.0 7.0 
 
Note: a Estimated catechol = 0.5917*(X) – 3.8622, where X = solanesol 
b Delivery difference = [(catechol – estimated catechol) / catechol)]*100 
 
 
4.3.2 Correlation analysis in commercial cigarette brands 
To ensure the practicability of the correlation method, the relation of MSS delivery of 
catechol and filter solanesol was examined in three commercial cigarette brands.  The cigarette 
brands selected in this study partially represent the top selling cigarette brands in the United 
States with combined sales greater than 60% of the entire cigarette market in 2017.41  The 
correlation of the delivery of catechol to filter solanesol for each cigarette brand is shown in 
Figures 4.6, 4.7, and 4.8.  The solanesol cigarette filter levels and the catechol expected mouth-
level intakes (collected by CF pad) displayed a linear correlation, with R2 greater than 0.93 for all 
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cigarette brands.  The linearity and R2 values provide strong evidence that the correlation method 
is suitable to estimate the mouth-level intake of catechol in a variety of cigarette brands.   
 
Figure 4.6 Correlation regression model for estimating mainstream smoke delivery of catechol 
in cigarette Brand A. 
 
 
 
 
Figure 4.7 Correlation regression model for estimating mainstream smoke delivery of catechol 
in cigarette Brand B. 
 
y = 0.5694x - 11.625
R² = 0.9452
0
40
80
120
160
200
0 50 100 150 200 250 300
C
at
ec
h
o
l (
µ
g)
Solanesol in filter (µg)
y = 0.7966x - 12.213
R² = 0.9332
0
40
80
120
160
200
0 50 100 150 200 250 300
C
at
ec
h
o
l (
µ
g)
Solanesol in filter (µg)
54 
 
 
Figure 4.8 Correlation regression model for estimating mainstream smoke delivery of catechol 
in cigarette Brand C. 
 
It was observed that the linear regression correlation varied from brand-to-brand (Figure 
4.9).  This variation could be due to a variety of factors including differences in brand specific 
tobacco composition, physical parameters, and filter design.  It has been reported in literature 
that different blends of tobacco filler contribute to the differences in MSS deliveries of phenolic 
compounds.26  Hoffmann et al. also demonstrated that cigarette physical parameters and filter 
design have a substantial influence on the cigarette smoke yields.3  Shown in Table 4.4 is the 
physical property differences among the three commercial cigarettes and reference 3R4F 
cigarette examined in this study.  The differences in the cigarette physical properties resulted in a 
widespread linearity responses (slopes) ranged from 0.57–2.18.  Therefore, the correlation 
regression model is brand specific and is not to be used interchangeably across cigarette brands.  
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Figure 4.9 Relation between the mainstream smoke delivery of catechol and the filter 
solanesol for three United States cigarette brands.  The dashed lines represent the linear 
regression of each brand, and the solid line is the line of unity. 
 
Table 4.4 Correlation linear regression models and cigarette physical properties.    
Brand 
Model 
Slope 
Model 
Intercept 
R2 
Cigarette 
Length  
(mm) 
Tobacco  
Weight 
(g) 
Filter  
Length  
(mm) 
Filter  
Ventilation  
(%) 
3R4F 0.59 -3.9 0.94 84 0.83 27 29.0 
A 0.57 -11.6 0.95 80 0.71 22 0.1 
B 0.80 -12.2 0.93 83 0.69 21 11.9 
C 2.18 -29.6 0.94 98 0.85 30 31.9 
 
4.4 Conclusions 
Catechol delivery in cigarettes measured using a single machine-smoking regime is a 
poor estimate of catechol mouth-level intake, because the characteristics of human smoking 
behavior vary considerably between smokers.  In this study, the effects of puffing characteristics 
(volume, interval, and duration) on the delivery of catechol in reference 3R4F cigarette were 
evaluated.  The results showed that delivery of catechol was not affected by the puffing duration 
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over the time range of 1.5–4.0 s.  However, puffing volume and puffing interval significantly 
affected the levels of catechol delivery in MSS.  These results prompted the investigation of 
variety machine-smoking regimes that encompassed a wide range puffing characteristics similar 
to that in human smokers.  A selection of smoking regimes were used to generate regression 
calibration for the correlation between MSS delivery of catechol and solanesol in cigarette filter.  
The correlation was determined for reference 3R4F cigarette and three United States commercial 
cigarette brands.  In all the cigarette brands examined, the solanesol cigarette filter levels and the 
MSS catechol levels observed a linear correlation with R2 greater than 0.93.  The linearity and R2 
values provide strong evidence that the correlation method using filter solanesol analysis is 
suitable for estimating the mouth-level intakes of catechol in mainstream cigarette smoke.   
The calibration models generated in this study can be used to estimate the mouth-level 
exposure of catechol by measuring the levels of solanesol in cigarette filters smoked by human 
subjects.  Estimating the mouth-level intakes of catechol using filter solanesol analysis accounts 
for the variation in human smoking behaviors.  Therefore, predicting the mouth-level exposure 
of catechol using the current technique is more indicative than that obtained using the 
standardized machine-smoking procedure.  The observed relation between filter solanesol and 
catechol demonstrates the utility of solanesol as a mainstream smoke marker.  Additional study 
is under way to determine the correlation between solanesol and other phenolic compounds 
including m-cresol, o-cresol, and p-cresol, hydroquinone, phenol, and resorcinol.   
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